"Cross-inhibition of NMBR and GRPR signaling maintains normal histaminergic itch transmission." The Journal of Neuroscience.34,37. 12402-12414. (2014 We previously showed that gastrin-releasing peptide receptor (GRPR) in the spinal cord is important for mediating nonhistaminergic itch. Neuromedin B receptor (NMBR), the second member of the mammalian bombesin receptor family, is expressed in a largely nonoverlapping pattern with GRPR in the superficial spinal cord, and its role in itch transmission remains unclear. Here, we report that Nmbr knock-out (KO) mice exhibited normal scratching behavior in response to intradermal injection of pruritogens. However, mice lacking both Nmbr and Grpr (DKO mice) showed significant deficits in histaminergic itch. In contrast, the chloroquine (CQ)-evoked scratching behavior of DKO mice is not further reduced compared with Grpr KO mice. These results suggest that NMBR and GRPR could compensate for the loss of each other to maintain normal histamine-evoked itch, whereas GRPR is exclusively required for CQ-evoked scratching behavior. Interestingly, GRPR activity is enhanced in Nmbr KO mice despite the lack of upregulation of Grpr expression; so is NMBR in Grpr KO mice. We found that NMB acts exclusively through NMBR for itch transmission, whereas GRP can signal through both receptors, albeit to NMBR to a much lesser extent. Although NMBR and NMBR ϩ neurons are dispensable for histaminergic itch, GRPR ϩ neurons are likely to act downstream of NMBR ϩ neurons to integrate NMB-NMBR-encoded histaminergic itch information in normal physiological conditions. Together, we define the respective function of NMBR and GRPR in itch transmission, and reveal an unexpected relationship not only between the two receptors but also between the two populations of interneurons in itch signaling.
Introduction
Dorsal horn neurons of the spinal cord integrate and transduce pain, itch, and temperature signals from the primary afferents to the somatosensory cortex (Todd, 2010; Braz et al., 2014) . Primary afferents detect, process, and relay itch information from the skin through a wide array of molecular sensors such as G-proteincoupled receptors and transient receptor potential (TRP) channels in dorsal root ganglion (DRG) neurons (Han and Simon, 2011; Jeffry et al., 2011; Bautista et al., 2014) . DRG neurons release glutamate and neuropeptides to activate postsynaptic receptors in the spinal cord to relay itch information Akiyama and Carstens, 2013) . Itch sensation can be classified as histamine dependent and histamine independent. Gastrin-releasing peptide (GRP) in DRG neurons activates its receptor (GRPR) in the spinal cord to relay nonhistaminergic itch, whereas its role in histaminergic itch is dispensable or relatively minor (Sun and Chen, 2007; Koga et al., 2011; Akiyama et al., 2014) . Spinal laminae I and II neurons expressing GRPR are essential for relaying acute histaminergic and nonhistaminergic itch as well as long-lasting itch transmission (Sun et al., 2009; Zhao et al., 2013) . These studies, however, beg the question as to which neuropeptide is involved in mediating histaminergic itch from the primary afferents to GRPR ϩ neurons in the spinal cord. B-type natriuretic peptide (BNP) and its receptor natriuretic peptide receptor-A (NPRA) have been proposed to act upstream of GRP-GRPR signaling (Mishra and Hoon, 2013) . However, other studies found that the BNP-NPRA pathway is important for nociceptive processing and is independent of the GRP-GRPR pathway (Zhang et al., 2010; Vilotti et al., 2013; Liu et al., 2014) . GRPR (or BB2) is a member of the mammalian bombesin (Bn) receptor family, which comprises the following two other receptor subtypes: neuromedin B receptor [NMBR (or BB1) ] and bombesin receptor subtype 3 (BRS-3). The latter is a distantly related member with little binding affinity to NMB or GRP (Battey and Wada, 1991; Kroog et al., 1995; Gonzalez et al., 2008; Jensen et al., 2008) . GRP is expressed in ϳ8% of DRG neurons and 12% of trigeminal ganglion neurons that coexpress TRPV1 in rodents and is upregulated in chronic itch conditions (Sun and Chen, 2007; Zhao et al., 2013; Liu et al., 2014; Takanami et al., 2014) . Similar to GRP, intrathecal injection of NMB could also induce scratching behavior (O'Donohue et al., 1984; Bishop et al., 1986; Moody and Merali, 2004; Su and Ko, 2011) . A major obstacle in investigating the molecular coding of somatosensory transduction using genetic knock-out (KO) mice and/or pharmacological approaches is the multiplicity of a receptor family, which was hypothesized to arise from duplication and divergence of a common ancestor genome (Holland et al., 1994; Miklos and Rubin, 1996) . Pharmacological approaches using GRPR or NMBR antagonists may suffer from inherent problems that could result in misinterpretation of the data because these antagonists could function as agonist, partial agonist, or nonspecific antagonists, or the GRPR antagonist may function as an agonist for NMBR or vice versa . On the other hand, the relatively minor phenotype of Nmbr Ϫ/Ϫ mice has been attributed to genetic/developmental compensation, even in the absence of upregulation of other bombesin-related receptors (Ohki-Hamazaki et al., 1999; Ohki-Hamazaki, 2000) .
In this study, we define the respective roles of NMB-NMBR and GRP-GRPR signaling in itch transmission using a combination of pharmacological and genetic approaches in mice. Moreover, we delineate the relationship between the two receptors as well as NMBR ϩ and GRPR ϩ neuronal functions in the spinal cord.
Materials and Methods
Mice. Male mice between 7 and 12 weeks of age were used for experiments. C57BL/6J mice were purchased from The Jackson Laboratory (http://jaxmice.jax.org/strain/013636.html). Nmbr Ϫ/Ϫ mice (OhkiHamazaki et al., 1999) , Grpr KO mice (Hampton et al., 1998) , NMBeGFP mice (MMRRC), NMBR-eGFP mice (MMRRC), and their wild-type (WT) littermates were used. Grpr/Nmbr double-knock-out mice were generated by crossing Nmbr Ϫ/Ϫ mice with Grpr KO mice. We validated NMBR-eGFP mice using single-cell reverse transcription-PCR (RT-PCR). All eGFP ϩ neurons picked from spinal sections showed expression of Nmbr mRNA, but not Grpr mRNA (n ϭ 9; data not shown). All mice were housed under a 12 h light/dark cycle with food and water provided ad libitum. All experiments were performed in accordance with the guidelines of the National Institutes of Health and the International Association for the Study of Pain, and were approved by the Animal Studies Committee at Washington University School of Medicine.
Drugs and reagents. Histamine, compound 48/80, 5-HT, chloroquine (CQ), bovine adrenal medulla 8 -22 peptide (BAM8 -22), and capsaicin were purchased from Sigma-Aldrich. GRP 18 -27 , NMB, and bombesin were purchased from Bachem. Bombesin-saporin (Bn-sap) and blank-saporin were made by Advanced Targeting Systems. Resiniferatoxin (RTX) was from Fisher Scientific. Capsaicin was first dissolved in ethanol followed by further dilution in sterile saline solution. The final concentration for ethanol was 2%. Other drugs were dissolved in sterile saline solution.
Behavioral tests. Behavioral tests were videotaped (HDR-CX190 camera, Sony). The videos were played back on a computer, and the quantification of mice behavior was performed by persons who were blinded to the treatments and genotypes.
Scratching behavior. Itch behaviors were performed as previously described (Sun and Chen, 2007; Sun et al., 2009). Briefly, before experiments, mice were given 30 min to acclimate to the plastic arenas (10 ϫ 10.5 ϫ 15 cm). Mice were then briefly removed from the chamber for drug injections.
Ablation of TRPV1 ϩ fibers. C57BL/6J mice were treated with RTX (25 ng in 5 l solution, i.t.) for 7 d as previously described, with modification in the dose of RTX .
Acute nociceptive behavior. Capsaicin was intraplantarly injected into the right hindpaw. The duration of licking and flinching of the injected paw was recorded for 5 min.
Immunohistochemistry and in situ hybridization. Immunohistochemistry (IHC) staining was performed as described previously (Chen et al., 2001; Zhao et al., 2006) . Briefly, mice were anesthetized with an overdose of a ketamine/xylazine cocktail and fixed by intracardiac perfusion of cold 0.01 M PBS, pH 7.4, and 4% paraformaldehyde. Tissues were immediately removed, postfixed in the same fixative overnight at 4°C, and cryoprotected in 30% sucrose solution. Tissues were frozen and sectioned at 20 m thickness on a cryostat. Free-floating sections were blocked in a solution containing 2% donkey serum and 0.3% Triton X-100 in PBS for 1 h at room temperature. The sections were incubated with primary antibodies or fluorescein isothiocyanate (FITC)-conjugated Isolectin B4 Griffonia simplicifolia (IB4) overnight at 4°C followed by secondary antibodies. The secondary antibodies were purchased from Jackson ImmunoResearch Laboratories including Cy3-or FITCconjugated donkey anti-rabbit or anti-mouse IgG (Cy3, 0.5 g/ml; FITC, 1.25 g/ml), biotin-SP (long-spacer)-conjugated donkey anti-chicken or anti-rabbit IgG (1 g/ml) and Alex Fluor 488-avidin (0.33 g/ml). In situ hybridization (ISH) was performed using digoxigenin-labeled cRNA probe as previously described (Chen et al., 2001) . For antibody staining after ISH of Nmb, vesicular glutamate transporter 2 (Vglut2), and glutamic acid decarboxylase 67 (Gad67 ), the sections were incubated with rabbit anti-GFP antibody followed by biotin-SP-conjugated donkey antirabbit IgG, and the color was developed using 3,3Ј-DAB. Images were taken using a Nikon Eclipse Ti-U microscope or a confocal microscope. The staining was quantified by a person blinded to the treatments and genotypes using ImageJ (version 1.34e, NIH Image), as previously described . We counted only individual cells with clear nuclei that were above background staining. At least three mice per group and 10 sections across each tissue were included for statistical comparison.
Antibodies specificity. The following primary antibodies were used at the specified concentrations. The chicken polyclonal GFP antiserum (20 g/ml; GFP-1020, Aves Labs) was analyzed by Western blot analysis and immunohistochemistry using transgenic mice expressing the GFP gene product (from the manufacturer's datasheet). GFP immunostaining was not detected in the gut of wild-type mice (Zylka et al., 2005; Erickson et al., 2012) .
The rabbit polyclonal GFP antiserum (1:500; A-6455, Life Technologies) was analyzed by Western blot analysis demonstrating a single band at Ϸ30 kDa. No immunofluorescence was detected on brain sections lacking GFP transgene (Wang and Hazelrigg, 1994; Tseng et al., 2010) .
The calcitonin gene-related peptide (CGRP␣) antiserum (rabbit, 1:3000; AB1971, Millipore Bioscience Research Reagents) was developed against the whole-rat CGRP␣ conjugated to BSA. Preadsorption with the full CGRP peptide (10 M) completely blocked staining in control DRG sections (Grill et al., 1997; Woodbury et al., 2008) .
The GRPR mouse monoclonal antibody (0.4 g/ml) was custom made via Abmart. The GRPR rabbit polyclonal antibody (0.33 g/ml; LS-A831, MBL) was raised against a synthetic 17 aa peptide from the third cytoplasmic domain of human GRPR. HEK 293 cells expressing GRPR, but not NMBR, were specifically labeled by GRPR antibodies. No immunofluorescence was detected on spinal sections from mice treated with bombesin-saporin. Preadsorption with antigen completely blocked staining in control spinal sections (data not shown).
The ␥ isoform of protein kinase C (PKC␥) rabbit polyclonal antibody (0.4 g/ml; sc-211, Santa Cruz Biotechnology) produced two closely spaced bands in Western blots prepared from rat cerebellum and neocortex, with an approximate molecular weight of 80 kDa (Cardell et al., 1998 The neurokinin 1 receptor (NK1R) rabbit polyclonal antibody (1: 2000; AB5060, Millipore) was raised against residues 393-407 of the C terminus (Vigna et al., 1994) . The specificity of this antibody was demonstrated by the absence of staining in knock-out mice (Catalani et al., 2006) . The specificity of this antibody was also tested by preadsorption control experiments (Casini et al., 1997; 2004) .
The GRP rabbit antiserum (1:500; catalog #20073, Immunostar) was raised against bombesin, which shares a common amino acid sequence (WAVGHLM) with mouse GRP. The specificity of this antibody was confirmed by the absence of staining in DRGs of Grp KO mice Zhao et al., 2013) , demonstrating that the anti-GRP antibody does not recognize other proteins. Preadsorption with GRP also resulted in a complete loss of immunofluorescence in mouse DRGs (Fleming et al., 2012) .
Rabbit antiserum against Fluoro-Gold (FG; AB153, Millipore) was used at a concentration of 1:5000 (Bernstein et al., 2006) . Control mice that did not receive injections of FG did not produce any immunostaining. FITC-conjugated IB4 (L2895, Sigma-Aldrich) was used at a concentration of 5 g/ml (Reisfeld et al., 1967). Retrograde tracing. A total of 32 adult NMBR-eGFP male mice were anesthetized with an intraperitoneal injection of a ketamine/xylazine cocktail and were fixed in a stereotaxic frame (Stoelting).
An incision was made along the midline of the skull, and a small hole was drilled through the bone over the approximate location of the injection sites. A pulled borosilicate glass pipette with a tip that was 20 m in diameter was backfilled with mineral oil and attached to a Nanoject II auto-nanoliter injector. The injector was attached to a manipulator and moved to the coordinates. A solution of 4% FG (Biotium) was pulled into the pipette. FG (0.15ϳ0.25 l) was injected into each injection site in different brain areas. For thalamus (ventral posterolateral thalamic nucleus; ventral posteromedial thalamic nucleus; posterior thalamic nuclear group; and posterior thalamic nuclear group, triangular part), 0.15 l of FG was injected into site a [anteroposterior (AP), Ϫ0.94; mediolateral (ML), Ϯ1.00; dorsoventral (DV), Ϫ3.45], 0.25 l into site b (AP, Ϫ1.82; ML, Ϯ1.10; DV, Ϫ3.20), and 0.15 l into site c (AP, Ϫ2.18; ML, Ϯ1.25; DV, Ϫ3.25). For parabrachial nucleus (PBN; lateral PBN, medial PBN, superior cerebellar peduncle, and Kölliker-Fuse nucleus), 0.25 l of FG was injected into this site (AP, Ϫ5.20; ML, Ϯ1.25; DV, Ϫ2.40). For ventrolateral periaqueductal gray matter (VLPAG), 0.20 l of FG was injected into this site (AP, Ϫ4.84; ML, Ϯ 0.70; DV, Ϫ2.60). For lateral reticular nucleus (LRt), FG (0.20 l) was injected into this site (AP, Ϫ7.64; ML, Ϯ1.10; DV, Ϫ5.25). The stereotaxic coordinates were measured from bregma (AP) and the brain surface (DV). After the incision was sutured, the mouse was allowed to recover on a warm pad and was returned to the home cage upon walking. Recovered animals were not neurologically impaired. Mice were anesthetized 5ϳ7 d later with an overdose of a ketamine/xylazine cocktail and perfused with 0.1 M PBS and then 4% paraformaldehyde. The brain and spinal cord were removed, postfixed in 4% paraformaldehyde for 6 h at 4°C, and cryoprotected overnight in 30% sucrose in PBS. Brains and spinal cords were sectioned transversely on a cryostat at 50 and 20 m, respectively, for injection site observation or immunofluorescent staining.
RT-PCR. RT-PCR was performed as previously described . Briefly, spinal cords were dissected out from 9-week-old male mice (n ϭ 5 per genotype). Total RNA was isolated, and genomic DNA was removed in accordance with the manufacturer's instructions (RNeasy Plus Mini Kit, Qiagen). Single-stranded cDNA was synthesized by using the High Capacity cDNA Reverse Transcription Kit (Life Technologies). Gene expression of Grpr and Nmbr was determined by realtime PCR (StepOnePlus, Applied Biosystems). Specific primers were designed with the National Center for Biotechnology Information Primer-BLAST. The fidelity and specificity of the primers was validated by real-time PCR using serial volume (1, 0.1, and 0.01 l) of wild-type spinal cord cDNA and PCR efficiency (Ef) was calculated. The following primers were used: Grpr ( Real-time PCR was performed with FastStart Universal SYBR Green Master (Roche Applied Science). All samples (0.1 l) were assayed in duplicate. PCR (heating at 95°C for 10 s and at 60°C for 30 s) were performed. Data were analyzed using the Comparative CT Method (StepOne Software version 2.2.2.), and the expression of target mRNA was normalized to the expression of Actb and Gapdh.
Radioligand binding assay. Stable HEK 293 cell lines expressing GRPR were generated as described previously . The cells were cultured in DMEM medium with 10% fetal bovine serum (Sigma), scraped from the flask, sonicated, and centrifuged. The supernatant was collected and recentrifuged at 18,000 rpm for 1 h at 4°C. The pellet was resuspended in ice-cold storage buffer, and protein concentrations were determined using the Pierce Non-Reducing Agent Compatible Kit. Briefly, 25 g of membrane protein was used in triplicate for each sample. After the addition of 25 g of membrane protein to each well, various concentrations of NMB ranging from 0 to 10 nM were added in a solution volume of 10 l to triplicate wells. To each well, ϳ0.1 nM 125 I-GRP (2200 Ci/mmol; PerkinElmer) in a solution volume of 100 l of binding buffer was added. The plate was incubated at room temperature for 1 h and washed twice. The membranes were allowed to dry, were removed, and were placed in separate tubes for determination of bound radioactivity. The radioactivity was counted using a Packard II ␥ counter (PerkinElmer), and the data were plotted in Prism 5 (GraphPad Software).
Data analysis. All values are expressed as the mean Ϯ SEM. Statistical analysis was performed using Prism version 5.03 (GraphPad Software). A p value of Ͻ0.05 was considered statistically significant.
Results

A majority of NMB is expressed in nonpeptidergic primary sensory neurons
To characterize NMB expression in DRG neurons of mice, we took advantage of NMB-eGFP mice and performed ISH in DRG neurons using an Nmb in situ probe followed by IHC staining using anti-GFP antibody. We found that 91% of eGFP ϩ cells (417 of 458 cells) and 85% of Nmb ϩ cells (417 of 492 cells) were colocalized ( Fig. 1 A, B) , indicating that the expression pattern of eGFP is largely consistent with that of Nmb in DRG neurons. Next we examined Nmb expression at different stages. The percentage of eGFP ϩ neurons was ϳ24% (445 of 1884 neurons) at 2 weeks (Fig. 1C) . By 8 weeks of age, the percentage was reduced to ϳ10% (217 of 2179 neurons; Fig. 1D ), and this level was maintained up to 12 weeks (data not shown). Therefore, during the postnatal developmental stage, there is a progressive reduction of NMB expression in DRG neurons.
To characterize the molecular identity of NMB ϩ neurons, we performed double IHC staining of eGFP with different molecular markers, including CGRP (a peptidergic marker), IB4 (a nonpeptidergic marker), and GRP using 8-week-old mice. Approximately 31% of eGFP ϩ neurons (18 of 58 neurons) expressed CGRP ( Fig.  1E-H ) , and 63% (33 of 52 neurons) were IB4 positive (Fig. 1I-L) . Importantly, ϳ33% of GRP ϩ neurons [13 of 40 neurons; 8% of total DRG neurons (40 of 513)] overlapped with 41% of eGFP ϩ neurons (13 of 32 neurons; Fig. 1M-P) . These results indicate that NMB and GRP expression overlaps in DRGs, with the former predominantly in nonpeptidergic neurons.
Distinct expression of NMBR and GRPR in the dorsal spinal cord
We next used ISH and eGFP staining in NMBR-eGFP mice to examine the relationship between NMBR and GRPR expression in adult spinal cord. A majority of Nmbr ϩ neurons were located in the superficial dorsal horn, with a few located in the deep dorsal horn of the spinal cord ( Fig. 2A-C) . The expression pattern is similar to that of Grpr (Fig. 2D-F ) . It is also consistent with eGFP immunostaining in NMBR-eGFP mice (Fig. 2G,H ) . Double staining of eGFP and PKC␥, a marker for lamina IIi, clearly demonstrated that NMBR ϩ neurons were mainly located in lamina I and II with a few NMBR ϩ neurons detected in the area ventral to PKC␥ (Fig. 3A-C) . Notably, there was no overlap between NMBR and NK1R, a marker that labels the majority of lamina I projection neurons (Todd et al., 2000; Fig. 3D-F ) . Despite similar expression patterns of Nmbr and Grpr, only 14% of eGFP ϩ neurons (4 of 28 neurons) or 10% of GRPR ϩ neurons (4 of 39 neurons) coexpressed the two receptors ( Fig. 3G-I ). In addition, a majority of NMBR ϩ neurons (79%; 187 of 237 neurons) are positive for Vglut2, a glutamatergic neuronal marker (Fremeau et al., 2001) , whereas only 4% of NMBR ϩ neurons (5 of 118 neurons) were positive for Gad67, an inhibitory neuronal marker (Fig. 3J,K) . Similarly, GRPR ϩ neurons labeled by rabbit anti-GRPR antibody largely expressed Vglut2 (77%; 106 of 137 neurons), but not Gad67 (8%; 11 of 130 neurons; Fig. 3L,M) . Thus, the majority of NMBR ϩ and GRPR ϩ neurons are likely to be excitatory interneurons.
To further confirm that NMBR and GRPR are expressed in different populations, we treated NMBR-eGFP mice with intrathecal Bn-sap, which was shown to specifically ablate GRPR ϩ neurons due to the fact that NMBR could not internalize bomb- (77%,106of137neurons),butnotwithGad67(8%,11of130neurons) . Arrowsindicatedouble-labeledcells.N,eGFPstaining(top row) in the lumbar spinal cord of NMBR-eGFP mice was comparable between the control and Bn-sap groups. O, Quantified data showed that the number of NMBR ϩ cells was not affected by Bn-sap. P, Q, GRPR staining using rabbit anti-GRPR antibody in the superficial dorsal horn was mostly ablated by Bn-sap compared with control. The density of GRPR staining was significantly decreased in Bn-sap-treated mice. Error bars represent SEM. n ϭ 3 mice/group. ***p Ͻ 0.001, unpaired t test. (Figure legend continues.) esin, a prerequisite for saporin-based ablation (Sun et al., 2009) . We found that the number of eGFP ϩ neurons was not significantly reduced in Bn-sap group ( p ϭ 0.5442; F (8,7) ϭ 1.845; Fig.  3 N, O) , whereas GRPR ϩ neurons labeled by mouse anti-GRPR antibody were largely ablated by Bn-sap ( p Ͻ 0.001; F (12,8) ϭ 5.558; Fig. 3 P, Q) . We previously showed that Bn-sap failed to further attenuate scratching behavior in Grpr KO mice (Sun et al., 2009 ). In line with this, the present results demonstrate that Bnsap only ablates GRPR ϩ but not NMBR ϩ neurons in the spinal cord.
NMBR
؉ neurons in the superficial dorsal horn and trigeminal nucleus caudalis are interneurons NMBR ϩ neurons with dense fibers and terminals are mainly distributed in laminae I and II (Fig. 4, green) . To determine whether NMBR ϩ neurons are projection neurons or interneurons, FG was injected into the thalamus, PBN, PAG, or LRt for retrograde tracing of projection neurons followed by double IHC staining, as described previously ; Fig. 4A -D, J-M; the data on PAG and LRt not shown).
FG-labeled lamina I neurons were found predominantly in the trigeminal nucleus caudalis (SpVc) and upper cervical segments of the spinal cord after FG injection into the thalamus (Fig.  4E-H, red) , while after PBN injection, a majority of FG ϩ neurons were found in lumbar segments (Fig. 4N-Q, red) . About 75% of FG ϩ neurons were located in the superficial dorsal horn contralateral to the injection site. In addition, FG ϩ neurons were also found in the lateral cervical nuclei and lateral spinal nuclei (Fig.  4 E, F, N, Q) . Of 300 sections examined from different segments of the spinal cords or SpVcs of mice (n ϭ 15) that were injected with FG into thalamus, PBN, PAG, or LRt, none of the NMBR ϩ neurons were colocalized with FG. However, we found that NMBR ϩ fibers closely contacted the projection neurons in lamina I of the SpVc (Fig. 4 I, R) or the spinal dorsal horn. Together with previous studies (Wang et al., 2013) and the findings that NMBR ϩ and GRPR ϩ neurons are not colocalized with NK1R ϩ neurons (the majority are projection neurons), these results indicate that both NMBR ϩ and GRPR ϩ neurons are interneurons.
NMBR and GRPR concomitantly relay histaminergic itch
We next compared the time course of scratching behavior induced by intrathecal injection of GRP 18 -27 and NMB. GRP (1 nmol) induced robust bilateral scratching behavior (Ͼ15 bouts/5 min), which declined gradually and lasted as long as 30 min (Fig.  5A) . By contrast, scratching responses induced by NMB (1 nmol) decayed rapidly within 10 min and were almost absent after 15 min (Fig. 5A) , which is in agreement with previous studies (Bishop et al., 1986) . To identify the target tissue of intrathecal NMB and GRP, TRPV1 ϩ primary afferents were ablated via intrathecal injection of RTX, a potent TRPV1 agonist. The success of fiber ablation was indicated by attenuated neurogenic pain induced by intraplantar injection of capsaicin ( p ϭ 0.0226, F (5,5) ϭ 49; Fig. 5B ) and by a lack of TRPV1 ϩ staining in the spinal cord of RTX-treated mice (Fig. 5C) . Indeed, RTX treatment had no effect on the scratching behavior induced by intrathecal NMB ( p ϭ 0.4237, F (5,7) ϭ 2.749) or GRP ( p ϭ 0.2716, F (5,5) ϭ 1.438; Fig. 5D ), demonstrating that it is the spinal NMBR and GRPR that mediated the scratching evoked by intrathecal NMB and GRP.
To determine whether BRS-3, the third mammalian bombesin receptor, might mediate bombesin peptides-induced itch, we examined the scratching response of Grpr/Nmbr double knockouts (thereafter referred to as DKO). Importantly, scratching behaviors elicited by intrathecal injection of GRP (1 nmol), NMB (1 nmol), or Bn (0.05 nmol) were all abolished in DKO mice (Fig. 5E) . Consistently, Brs-3 mRNA was not detectable in the spinal cord (Fig. 5F ). These results demonstrate that the actions of intrathecal NMB, GRP, and bombesin are exclusively mediated by NMBR and GRPR in the spinal cord.
To assess the role of NMBR in itch transmission, we examined the scratching behavior of Nmbr Ϫ/Ϫ mice after intradermal injection of a number of histamine-dependent pruritogens (i.e., histamine, compound 48/80, and 5-HT) as well as histamineindependent pruritogens (i.e., CQ and BAM8 -22, two ligands for MRGPRA3 and MRGPRC11, respectively; ). Surprisingly, Nmbr Ϫ/Ϫ mice and WT littermates exhibited comparable scratching responses to all of the drugs tested (histamine: p ϭ 0.5532, F (5,5) ϭ 1.640; compound 48/80: p ϭ 0.1233, F (6,6) ϭ 1.008; 5-HT: p ϭ 0.3553, F (6,6) ϭ 1.134; CQ: p ϭ 0.9866, F (5,5) ϭ 1.140; BAM8 -22: p ϭ 0.8759, F (5,5) ϭ 1.177; Fig. 5G ). We then compared the scratching behavior between DKO and Grpr KO mice. Consistent with our previous results (Sun and Chen, 2007; Sun et al., 2009) , Grpr KO mice showed statistically insignificant reduction of histamine-dependent scratching behavior (Fig.  5H ) , whereas histamine-independent itch was markedly reduced (Fig. 5I ) . DKO mice showed significantly attenuated responses to histaminergic pruritogens compared with WT and Grpr KO mice (Fig. 5H ) without further reduction in response to BAM8 -22 or CQ compared with Grpr KO mice (Fig. 5I ) . These data reveal that NMBR and GRPR concomitantly relay histaminergic itch transmission, whereas NMBR is dispensable for acute nonhistaminergic itch.
Enhanced GRPR or NMBR signaling and lack of compensatory change of receptor expression in Nmbr or Grpr KO mice Normal histaminergic itch of Nmbr and Grpr KO mice prompted us to postulate that GRPR and NMBR signaling might be enhanced in Nmbr and Grpr KO mice, respectively. The expression of GRPR and NMBR in the spinal cord and the scratching responses evoked by intrathecal injection of agonists enabled us to quantitatively measure the activity of the receptor directly. We compared intrathecal GRP-induced scratching behavior between WT mice and Nmbr Ϫ / Ϫ mice, which are devoid of potential GRP-NMBR interactions resulting from low-affinity binding. CM, central medial thalamic nucleus; cp, cerebral peduncle, basal part; DM, dorsalmedial nucleus; f, fornix; fr, fasciculus retroflexus; Hb, habenular nucleus; ic, internal capsule; KF, Kölliker-Fuse nucleus; LC, lateral cervical nucleus; LD, laterodorsal thalamic nucleus; LH, lateral hypothalamic nucleus; LPB, lateral PBN; MD, mediodorsal thalamic nucleus; MPB, medial PBN; mt, mammillothalamic tract; PF, parafascicular thalamic nucleus; Po, posterior thalamic nuclear group; Re, reuniens thalamic nucleus; Rh, rhomboid thalamic nucleus; Rt, reticular thalamic nucleus; scp, superior cerebellar peduncle; Sth, subthalamic nucleus; Sub, submedius thalamic nucleus; VL, ventrolateral thalamic nucleus; VMH, ventrolmedial hypothalamic nucleus; Vms, trigeminal mesencephalic nucleus; VPL, ventral posterolateral thalamic nucleus; VPM, ventral posteromedial thalamic nucleus; ZI, zone incerta.
Indeed, Nmbr
Ϫ / Ϫ mice showed enhanced response to GRP (1 nmol, i.t.) relative to WT mice (Fig. 6A) . Similarly, Grpr KO mice also showed enhanced response to NMB (1 nmol, i.t.; Fig. 6B ). We used the dose of 1 nmol for GRP or NMB because at this dose the number of scratching bouts evoked has nearly reached a ceiling effect (Sun and Chen, 2007) . One simple explanation is that the enhanced signaling might be a result of compensatory upregulation of Grpr in Nmbr Ϫ / Ϫ mice or Nmbr in Grpr KO mice. To test this, we examined the mRNA level of Grpr and Nmbr using real-time RT-PCR. Surprisingly, Grpr expression in the spinal cord of Nmbr Ϫ/Ϫ mice did not differ from that of WT mice, nor did Nmbr expression in the spinal cord of Grpr KO mice (Fig.  6C) . Thus, it is unlikely that compensatory upregulation of the receptor expression would occur in these mutant mice.
NMB exclusively signals through NMBR
Next, we postulated that increased binding of GRP to GRPR and NMB to NMBR might account for apparent enhanced signaling of GRPR in Nmbr Ϫ/Ϫ mice and NMBR in Grpr KO mice, respectively. Because GRP can bind to NMBR with a low affinity, we reasoned that the total number of scratching bouts elicited by intrathecal injection of GRP in WT mice should reflect a combined effect of GRP-GRPR and GRP-NMBR interactions. To determine whether the cross-binding between NMB and GRPR or GRP and NMBR could have an effect on scratching behavior, we first examined intrathecal NMB-elicited scratching bouts in Nmbr Ϫ/Ϫ mice on the basis of the premise that the sum of scratching behavior should reflect NMB-GRPR cross-signaling. Unexpectedly, intrathecal NMB failed to induce scratching behavior in Nmbr Ϫ/Ϫ Figure 5 . Deficits of acute itch in Grpr/Nmbr double KO mice. A, Intrathecal injection of NMB (1 nmol) and GRP (1 nmol) evoked robust scratching behavior. B, Licking and flinching behavior induced by capsaicin (2 g, i.pl.) was significantly reduced in RTX-treated mice. C, Ablation of TRPV1 ؉ fibers in the RTX group (bottom) was confirmed by TRPV1 immunostaining (red). Scale bar, 100 m. D, Scratching behavior elicited by intrathecal NMB or GRP was not affected by RTX treatment (25 ng, i.t.). E, Scratching behavior induced by GRP (1 nmol), NMB (1 nmol), and Bn (0.05 nmol) was abolished in DKO mice compared with WT littermates. F, Brs-3 mRNA was detected in the thalamus (Tha), but not in the spinal cord (SC). Actb was used as internal control to show equal loadings. The absence of Brs-3 and Actb bands in thalamus samples when reverse transcriptase was omitted (⌬RT) indicated that the reactions were specific. G, Nmbr Ϫ / Ϫ mice and WT littermates showed comparable scratching behavior in response to the injection of histamine (500 g, i.d.), compound 48/80 (100 g), 5-HT (50 nmol), CQ (200 g), and BAM8 -22 (150 g). H, Compared with WT littermates Grpr KO mice showed moderate but significant reduction in scratching behavior evoked by intradermal injection of compound 48/80, but not histamine or 5-HT, while DKO mice showed a deficit in all tested models compared with both WT and Grpr KO mice. I, Grpr KO mice showed a deficit in CQ and BAM8 -22 models. There is no further reduction in DKO mice of CQ-or BAM8 -22-induced scratching behavior compared with Grpr KO mice. Error bars represent SEM. n ϭ 5-15 mice/group. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, versus WT or saline-treated mice (B). #p Ͻ 0.05, versus Grpr KO mice. Unpaired t test (B, D, E, G) , one-way ANOVA followed by Newman-Keuls test (H, I). mice (Fig. 6D ). This finding demonstrates that NMB relays itch information exclusively through NMBR and a possible NMB-GRPR binding fails to produce a functional output.
The finding that NMB in Nmbr Ϫ / Ϫ mice failed to produce an itch output suggests that NMB is unlikely to be a partial agonist for GRPR in the spinal cord. Rather, it raised the possibility that NMB might act as a functional antagonist for GRPR to impair normal GRP-GRPR signaling by noncognate NMB-GRPR binding in WT mice. To test the idea that NMB is an antagonist for GRPR, we reasoned that a coinjection of a high dose of NMB (1 nmol; hereafter referred as NMB H ) and a low dose of GRP (0.1 nmol; hereafter referred as GRP L ) might maximize the effect of NMB-mediated inhibition of GRP-GRPR signaling in Nmbr Ϫ/Ϫ mice, in which a high concentration of NMB may be sufficient to compete with a low concentration of GRP for GRPR binding. As expected, GRP L alone induced a relatively modest scratching response (ϳ60) in Nmbr Ϫ / Ϫ mice (Fig. 6D) . However, coinjection of GRP L and NMB H markedly inhibited scratching response relative to GRP L alone (Fig. 6D) . Next, we examined whether NMB could inhibit GRP binding to GRPR by performing a competitive radioligand binding assay using GRPR-HEK293 cell membrane preparation. The ability of NMB to inhibit the binding of 125 I-GRP to GRPR in GRPR-HEK293 cell membrane preparations is shown in Figure 6E . The amount of 125 I-GRP bound in the absence of NMB was 26.0 Ϯ 1.0%. The addition of 0.1 nM NMB significantly inhibited binding to 19.4 Ϯ 2.0% ( p Ͻ 0.01). Binding was inhibited to 13.9 Ϯ 1.4% and 12.1 Ϯ 0.9% after the addition of 1 and 10 nM NMB, respectively. These values were significantly lower than binding in the presence of 0.1 nM NMB (p Ͻ 0.01). Thus, these binding studies indicate that NMB can competitively inhibit the binding of GRP to GRPR. Together, our studies suggest that NMB is able to inhibit GRP-GRPR signaling through its competitive binding to GRPR and thereby limits the access of GRPR to GRP.
GRP weakly activates NMBR
In contrast to NMB, GRP L induced a modest scratching response in Grpr KO mice (42 Ϯ 8 in 30 min; Fig. 6F ), supporting the idea that GRP may function as a partial agonist for NMBR. To further examine the seemingly "inhibitory" effect of GRP on NMBR, we used GRP L to avoid a possible masking effect of a high dose of GRP, which may overwhelm NMBR in Grpr KO mice. While intrathecal NMB H evoked robust scratching as expected in Grpr KO mice, there was a marked decrease of scratching elicited by a coinjection of NMB H and GRP L (Fig. 6F ). This suggests that, despite a low concentration, GRP is still capable of attenuating cognate NMB-NMBR-mediated itch signaling.
Spinal GRPR
؉ neurons integrate NMBR-mediated itch signaling In contrast to spinal NMBR ϩ neurons, which are dispensable for histamine-evoked itch (Mishra et al., 2012) , GRPR ϩ neurons in the spinal cord are critical for both histaminergic and nonhistaminergic itch. These findings raise an interesting possibility that Figure 6 . Cross-inhibition of GRP-GRPR and NMB-NMBR signaling. A, Nmbr Ϫ / Ϫ mice showed enhanced scratching response after intrathecal injection of GRP (1 nmol). n ϭ 7 mice/genotype. B, Grpr KO mice showed enhanced scratching response to NMB (1 nmol). n ϭ 8 -9 mice/genotype. C, The level of Grpr mRNA was not changed in the spinal cord of Nmbr Ϫ/Ϫ mice, and the spinal Nmbr expression was not changed in Grpr KO mice. n ϭ 5 mice/group. D, Nmbr Ϫ/Ϫ mice lost response to NMB (1 nmol, i.t.), while coinjection of NMB blocked GRP (0.1 nmol)-induced scratching behavior. n ϭ 6 mice/group. E, NMB dose-dependently attenuated the binding of 125 I-GRP to GRPR, as revealed by competitive binding of 125 I-GRP to GRPR-HEK293 cell membrane preparations. n ϭ 3/dose. F, In Grpr KO mice, intrathecal GRP injection (0.1 nmol) evoked a weak scratching response, and GRP significantly attenuated NMB (1 nmol)-induced scratching behavior. n ϭ 6 -12 mice/group. Error bars represent SEM. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, versus WT (A-C), versus GRP (D), versus NMB (F), versus NMB 0 nM (E). ##p Ͻ 0.01 versus NMB 0.1 nM. Unpaired t test (A-C), one-way ANOVA followed by Newman-Keuls test (D-F).
in addition to GRP-encoded information, spinal GRPR ϩ neurons receive and integrate histaminergic itch information carried by NMB-NMBR signaling. If so, this would place GRPR ϩ neurons downstream of NMBR ϩ neurons at the circuit level. Moreover, despite cross-inhibition of NMBR and GRPR signaling, the final output of itch information should be determined by GRPR ϩ neurons instead of NMBR ϩ neurons. To test this possibility, we compared scratching behavior between mice evoked by coinjection of NMB and GRP using a concentration that is likely to reach a maximal effect for each agonist (1 nmol; Sun and Chen, 2007) and those evoked by GRP or NMB alone (Fig. 7A) . Strikingly, we did not observe an additive effect as the total number of scratching responses evoked by the two peptides is similar to those evoked by GRP or NMB alone (Fig. 7A) . Importantly, an analysis of time course curves revealed that NMB-NMBR activity was completely masked by GRP-GRPR activity (Fig. 7A) . Consistently, no additive effect was detected when GRP and NMB were coinjected at a lower concentration (Fig. 7B) . Furthermore, we found that intrathecal NMB-induced scratching behavior was also significantly reduced after Bn-sap treatment (Fig. 7C) . These results suggest that signals from NMB-NMBR and GRP-GRPR converge at GRPR ϩ neurons, and only the latter function as an indispensable "gate" for histaminergic itch information.
Discussion
Our studies for the first time delineate the respective contribution of NMBR and GRPR to histamine-dependent and histamine-independent itch transmission. The largely nonoverlapping but neighboring expression of GRPR and NMBR in laminae I and II of the spinal cord and potential cross-binding of GRP to NMBR or of NMB to GRPR highlight the difficulty in delineating the roles of NMBR and GRPR in itch transmission. While either receptor is dispensable for histaminergic itch transmission, Nmbr/Grpr DKO mice exhibit deficits in histaminergic itch. This compensatory signaling cannot be attributed to an upregulation of expression of either receptor in the absence of the other. Using the scratching behavior of single mutants and WT mice to monitor the output of the receptor activity, we identified enhanced GRP-GRPR signaling in Nmbr Ϫ / Ϫ mice or enhanced NMB-NMBR signaling in Grpr KO mice, which could account for a seemingly compensatory change. Because GRP is able to bind to NMBR, but preferentially binds to GRPR, it is conceivable that more GRP acts on GRPRs in Nmbr Ϫ/Ϫ mice than in WT mice and thus potentiates GRP-GRPR signaling. Conversely, enhanced scratching responsiveness of Grpr KO mice to intrathecal NMB suggests that NMB-NMBR signaling is strengthened due to the lack of divergence of NMB to GRPR.
Some controversies about GRP expression in DRGs were brought up due to the difficulties in detecting Grp mRNA by ISH (Fleming et al., 2012; Mishra and Hoon, 2013) . However, the number of neurons expressing Grp mRNA and GRP protein was consistently found to be ϳ8% and upregulated in DRG neurons, spinal primary afferents, and cutaneous nerve fibers in chronic itch conditions using IHC, ISH, or quantitative real-time PCR (Lagerström et al., 2010; Kagami et al., 2013; Nattkemper et al., 2013; Zhao et al., 2013; Liu et al., 2014; Takanami et al., 2014) . Importantly, GRP immunostaining was completely lost in Grp KO mice Zhao et al., 2013) , demonstrating that the anti-GRP antibody does not recognize other proteins. However, some reported either widespread staining or slight staining of GRP (Fleming et al., 2012) in DRGs using the same anti-GRP antibody. These discrepancies can be explained by various experimental procedures used in different studies, as is often seen in the literature even though a specific antibody is used. The present studies provide further evidence supporting a functional role of GRP in DRGs, together with NMB, in relaying pruriceptive information from the periphery to the spinal cord.
A key finding of the present work is that NMB acts as a functional antagonist for GRPR in the spinal cord. This is unexpected, as NMB has long been considered as an agonist for GRPR (OhkiHamazaki, 2000) . On the other hand, we confirm that GRP is a partial agonist for NMBR. In contrast to single mutants, whereby a higher concentration of GRP or NMB may preclude or attenuate noncognate peptide receptor signaling as a result of lack of divergence, the presence of both receptors in WT mice should permit more competitive binding of the receptor by a noncognate peptide. A competition of NMB with GRP for GRPR binding would result in attenuation of the total output of GRP-GRPR signaling (Fig. 8A) . Similarly, in Grpr KO mice, GRP competes with NMB for NMBR binding and GRP-NMBR cross talk in- duces itch signaling at a diminished level. The net effect is an attenuation of NMB-NMBR signaling. These findings imply distinct mechanisms underlying the mutual inhibition of the NMB-NMBR and GRP-GRPR signaling pathways when both NMB and GRP are presumably released into the spinal cord upon pruriceptive stimuli.
Using RC-3095 and PD168368 antagonist approaches, it has been concluded that bombesin does not act through GRPR/NMBR, and that GRPR and NMBR are independent pathways in the spinal cord (Su and Ko, 2011; Sukhtankar and Ko, 2013) . However, RC-3096 and PD168368 are selective but not specific antagonists because they can also crossinhibit NMB or GRP binding to their cognate receptors (Kroog et al., 1995; Moody et al., 2003; Jensen et al., 2008) . Moreover, intrathecal GRP-induced scratching bouts reflect a sum of GRPR and NMBR activation. These confounding variables make it difficult to delineate the respective roles of GRPR and NMBR in behavioral responses with pharmacological approaches. The finding that Bn-sap can selectively ablate GRPR ϩ neurons demonstrates that bombesin binds spinal GRPR (Sun et al., 2009 ). The reason that NMBR ϩ neurons remain intact in mice treated with Bn-sap is because Bn-sap that binds NMBR cannot be internalized, a premise for toxin-induced neuronal cell death (Wiley and Kline, 2000; Sun et al., 2009 ). In mammals, only three known receptors (GRPR, NMBR, and BRS-3) may mediate bombesin-induced scratching. The present study demonstrates that GRPR and NMBR are the only two principal receptors required for intrathecal bombesin-, GRP-, and NMB-induced scratching behavior, and they do not function independent of each other. These studies underscore the importance and utility of using genetic single and double KO mice to delineate the respective function of GRPR and NMBR in pruriceptive transmission.
The aforementioned cross-inhibition occurs at the level of agonist-receptor interaction rather than at the level of circuits. How does cross-inhibition of the receptor signaling manifest the functional output of the itch circuit? Apart from GRPR ϩ neurons and TR4 ϩ neurons (Sun et al., 2009; Wang et al., 2013; , NMBR ϩ neurons represent a new population of excitatory interneurons that is closely related to GRPR ϩ neurons and is important for histaminerigic itch transmission in the spinal cord. Several pieces of evidence suggest that NMBR ϩ neurons may function at least in part as an upstream station of GRPR ϩ neurons. First, coinjection of GRP and NMB fails to produce an additive effect. Rather, the number of scratching bouts evoked by GRP and NMB together is similar to that evoked by GRP alone. Consistently, the time course curve of GRP masks that of NMB, indicating that it is GRPR ϩ neurons instead of NMBR ϩ neurons that serve as a "gate" for controlling the itch output in the spinal cord. Second, the findings that ablation of GRPR ϩ neurons abolishes histaminergic itch further supports that the output of NMBR ϩ neurons is dependent on GRPR ϩ neurons. The surprising finding that intrathecal NMB still evokes a significant amount of scratching in mice treated with Bn-sap suggests that NMBR ϩ neurons may contact projection neurons directly to evoke scratching behavior. However, the synaptic contacts between NMBR ϩ interneurons and projection neurons are not physiologically significant because mice treated with Bn-sap are unable to respond to peripherally derived pruritogenic stimuli. Consistently, ablation of NMBR ϩ neurons fails to impair histaminergic itch (Mishra et al., 2012) , further supporting that GRPR ϩ neurons are necessary and sufficient for relaying histaminergic itch (Fig. 8B) . Importantly, GRPR ϩ neurons are able to integrate histaminergic information encoded by NMB-NMBR signaling, when NMBR ϩ neurons are also present, to modulate the total output of itch signaling when both pathways are engaged (Fig.  8B) . Therefore, although NMBR ϩ neurons act upstream of GRPR ϩ neurons to participate in histaminergic itch signaling, they are also dispensable for histaminergic itch. On the other hand, when Grpr is absent, histaminergic itch information will be transmitted via the NMB-NMBR pathway (Fig. 8C) . Finally, in chronic itch conditions, a lack of either GRPR or GRPR ϩ neurons is sufficient to block itch transmission (Sun et al., 2009; Lagerström et al., 2010; Zhao et al., 2013) , further supporting a critical role for GRPR and GRPR ϩ neurons in control of the output of pruriceptive information. These results suggest a great plasticity for the dorsal horn neurons to process histaminergic itch information. GRPR ϩ neurons are required for mediating both histaminergic and nonhistaminergic itch (Sun et al., 2009 ). In primates, Figure 8 . Hypothetical models of the cross-inhibition of NMB-NMBR and GRP-GRPR pathways for maintaining histaminergic itch transmission. A, In WT mice, intrathecally injected GRP binds to both GRPR and NMBR to produce itch signaling. In Nmbr KO mice, a lack of divergence of GRP to NMBR results in a higher occupancy of GRPR by GRP, thereby potentiating itch signaling. Coapplication of NMB competes with GRP for GRPR binding, therefore attenuating itch signaling. B, In WT mice, histamine activates pruriceptors to release GRP and NMB, which activate GRPR and NMBR in the spinal cord, respectively. GRPR ϩ neurons in the spinal cord integrate multiple lines of information, and transmit and maintain an appropriate volume of histaminergic itch information to the brain. C, Spinal interneurons lacking GRPR (Grpr KO mice) maintain histaminergic itch signaling via the NMB-NMBR pathway. In Grpr KO mice, both GRP and NMB are more abundant for NMBR binding, which ensures NMB-NMBR signaling at a stable level.
spinothalamic tract neurons can be classified into the following two separate populations: histamine sensitive and cowhage sensitive (a histamine-independent pruritogen; Davidson et al., 2007) . It is possible that GRPR ϩ neurons may comprise histamine-sensitive and histamine-insensitive subpopulations. The finding that ϳ30% of GRPR ϩ neurons express MOR1D, an isoform that is required for morphine-induced itch , suggests that GRPR ϩ neurons are heterogeneous. Our studies also support the idea that GRP-GRPR signaling exerts a broader and dominant function in itch signaling compared with NMB-NMBR signaling. Interestingly, the relegated and limited role of NMB-NMBR signaling relative to GRP-GRPR signaling has also been shown in other physiological functions such as thermoregulation, smooth muscle contraction, and satiety (Bishop et al., 1986; Hampton et al., 1998; Ohki-Hamazaki et al., 1999; Ohki-Hamazaki, 2000) . These studies suggest that NMB-NMBR signaling may have a generic role in negative modulation of GRP-GRPR signaling via partial blockade of GRP-GRPR signaling.
In conclusion, our studies suggest that functional antagonism of the NMBR and GRPR pathways underlies normal histaminergic itch transmission, while GRPR possesses a unique role in nonhistaminergic itch. The findings provide mechanistic insights into "lack of phenotype" when one of the multiple excitatory receptors of the same family is deleted, which has frequently been conveniently explained by genetic/developmental compensation or neural plasticity. In this regard, our study may have a proofof-principle implication for our understanding of how neural circuitry keeps its activity to maintain normal homeostasis. Finally, we provide evidence suggesting that GRPR ϩ neurons serve as a key relay station that acts downstream of NMBR ϩ neurons to transmit histaminergic itch signal. Therefore, the dorsal horn circuitry is regulated at both receptor and circuit levels to ensure high-fidelity transmission of pruriceptive information to the brain.
